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Abstract
Two-particle angular correlations between unidentified charged trigger and associated par-
ticles are measured by the ALICE detector in p–Pb collisions at a nucleon–nucleon centre-
of-mass energy of 5.02 TeV. The transverse-momentum range 0.7 < pT,assoc < pT,trig <
5.0 GeV/c is examined, to include correlations induced by jets originating from low momen-
tum-transfer scatterings (minijets). The correlations expressed as associated yield per trig-
ger particle are obtained in the pseudorapidity range |η | < 0.9. The near-side long-range
pseudorapidity correlations observed in high-multiplicity p–Pb collisions are subtracted
from both near-side short-range and away-side correlations in order to remove the non-
jet-like components. The yields in the jet-like peaks are found to be invariant with event
multiplicity with the exception of events with low multiplicity. This invariance is consis-
tent with the particles being produced via the incoherent fragmentation of multiple parton–
parton scatterings, while the yield related to the previously observed ridge structures is not
jet-related. The number of uncorrelated sources of particle production is found to increase
linearly with multiplicity, suggesting no saturation of the number of multi-parton interac-
tions even in the highest multiplicity p–Pb collisions. Further, the number scales only in
the intermediate multiplicity region with the number of binary nucleon–nucleon collisions
estimated with a Glauber Monte-Carlo simulation.
∗See Appendix A for the list of collaboration members
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1 Introduction
Data from p–Pb collisions at the LHC have resulted in several surprising measurements with
observations which are typically found in collisions of heavy ions and are understood to be
due to a collective expansion of the hot and dense medium (hydrodynamic flow). In particular,
so-called ridge structures which span over a large range in pseudorapidity (η) have been ob-
served in two-particle correlations [1–3]. Their modulation in azimuth is described by Fourier
coefficients and is dominated by those of second (v2) and third (v3) order [2–4]. They are also
found in the correlations of four particles [4, 5] which are less sensitive to non-flow effects like
resonance decays and jets. Evidence for the existence of a common flow velocity field has been
further corroborated by particle-identification measurements of the same observables [6]. They
revealed that the v2 of pions, kaons and protons as a function of pT shows a characteristic mass
ordering as well as a crossing of pion and proton v2 at about 2.5 GeV/c which is reminiscent
of measurements in Pb–Pb collisions [7]. These findings hint at potentially novel mechanisms
in collisions of small systems which are far from being understood theoretically. Several au-
thors describe the results in the context of hydrodynamics [8–12], but also explanations in the
framework of saturation models successfully describe some of the measurements [13, 14].
While measurements of these correlations are suggestive of similarities between Pb–Pb and
p–Pb collisions, measurements sensitive to energy loss in a hot and dense medium reveal no
or minor modifications with respect to pp collisions. The inclusive hadron nuclear modifica-
tion factor RpA of minimum-bias p–Pb events shows no significant deviations from unity up to
20 GeV/c [15]. Measurements of the dijet transverse momentum imbalance show comparable
results to simulated pp collisions at the same center-of-mass energy, independent of the forward
transverse energy [16].
Towards a more complete picture of the physical phenomena involved in p–Pb collisions, it is
interesting to study QCD interactions in the pT range where these ridge-like structures have
been observed. Parton scatterings with large transverse-momentum transfer (Q2 ΛQCD, typ-
ically called hard interactions) lead to phenomena such as high-pT jets. QCD-inspired models
extrapolate these interactions to the low-pT region where several such interactions can occur
per nucleon–nucleon collision (multiple parton interactions – MPIs) and can hence contribute
significantly to particle production [17, 18]. The objective of the analysis presented in this pa-
per is to investigate if jet-like structures in this low-pT region show modifications as a function
of event multiplicity in addition to the appearance of the ridge-like structures. The analysis
employs two-particle azimuthal correlations within |η | < 0.9 from low to intermediate trans-
verse momentum (0.7 < pT < 5 GeV/c) in p–Pb collisions. After subtraction of the long-range
pseudorapidity ridge-like structures, the yields of the jet-like near- and away-side peaks are
studied as a function of multiplicity. As already shown in pp collisions, this analysis procedure
allows the extraction of the so-called number of uncorrelated seeds, which in PYTHIA is pro-
portional to the number of MPIs [19]. Thus the presented results allow to draw conclusions on
the contribution of hard processes to particle production as a function of event multiplicity.
The paper is structured as follows: Section 2 presents the experimental setup followed by the
event and track selections in Section 3 and the analysis details in Section 4. The results are
presented in Section 5 followed by a summary.
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2 Experimental setup
In the present analysis, p–Pb collision data at a centre-of-mass energy of
√
sNN = 5.02 TeV
collected by the ALICE detector in 2013 are used. The energies of the beams were 4 TeV for
the proton beam and 1.58 TeV per nucleon for the lead beam. The nucleon–nucleon centre-of-
mass system moves with respect to the ALICE laboratory system with a rapidity of −0.465,
i.e. in the direction of the proton beam. In the following, η denotes the pseudorapidity in the
laboratory system.
A detailed description of the ALICE detector can be found in Ref. 20. The subdetectors used
in the present analysis for charged particle tracking are the Inner Tracking System (ITS) and
the Time Projection Chamber (TPC), both operating in a solenoidal magnetic field of 0.5 T
and covering a common acceptance of |η | < 0.9. The ITS consists of six layers of silicon
detectors: two layers of Silicon Pixels Detectors (SPD), two layers of Silicon Drift Detectors
and two layers of Silicon Strip Detectors, from the innermost to the outermost ones. The TPC
provides tracking and particle identification by measuring the curvature of the tracks in the
magnetic field and the specific energy loss dE/dx. The VZERO detector, which consists of
two arrays of 32 scintillator tiles each, covers the full azimuth within 2.8 < η < 5.1 (VZERO-
A) and −3.7 < η < −1.7 (VZERO-C) and is used for triggering, event selection and event
characterization. The trigger requires a signal of logical coincidence in both VZERO-A and
VZERO-C. The VZERO-A, located in the flight direction of the Pb ions, is used to define
event classes corresponding to different particle-multiplicity ranges. In addition, two neutron
Zero Degree Calorimeters (ZDCs), located at 112.5 m (ZNA) and −112.5 m (ZNC) from the
interaction point, are used for the event selection. The ZNA has an acceptance of 96% for
neutrons originating from the Pb nucleus and the deposited energy is used as an alternative
approach to define the event-multiplicity classes.
3 Event and track selection
The employed event selection [21] accepts 99.2% of all non-single-diffractive collisions. Beam-
induced background is removed by a selection on the signal amplitude and arrival times in the
two VZERO detectors. The primary vertex position is determined from the tracks reconstructed
in the ITS and TPC as described in Ref. 22. The vertex reconstruction algorithm is fully efficient
for events with at least one reconstructed primary charged particle in the common TPC and ITS
acceptance. Events with the coordinate of the reconstructed vertex along the beam axis zvtx
within 10 cm from the nominal interaction point are selected. About 8 · 107 events pass these
event selection criteria and are used for the analysis.
The analysis uses charged-particle tracks reconstructed in the ITS and TPC with 0.2 < pT <
5 GeV/c within a fiducial region of |η |< ηmax with ηmax = 0.9. The track selection is the same
as in Ref. 2 and is based on selections on the number of space points, the quality of the track
fit and the number of hits in the ITS, as well as the Distance of Closest Approach (DCA) to
the reconstructed collision vertex. The track selection is varied in the analysis for the study of
systematic uncertainties [2].
The efficiency and purity of the track reconstruction and the track selection for primary charged
particles (defined as the prompt particles produced in the collision, including decay products,
except those from weak decays of strange particles) are estimated from a Monte-Carlo simula-
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tion using the DPMJET version 3.05 event generator [23] with particle transport through the de-
tector using GEANT3 [24] version 3.21. The efficiency and acceptance for track reconstruction
is 68–80% for the pT range 0.2–1 GeV/c, and 80% for pT > 1 GeV/c with the aforementioned
track selections. The reconstruction performance is independent of the p–Pb event multiplicity.
The remaining contamination from secondary particles due to interactions in the detector ma-
terial and weak decays decreases from about 5% to 1% in the pT range from 0.5 to 5 GeV/c.
The contribution from fake tracks, false associations of detector signals, is negligible. Correc-
tions for these effects are discussed in Section 4. Alternatively, efficiencies are estimated using
HIJING version 1.36 [25] with negligible differences in the results.
In order to study the multiplicity dependence of the two-particle correlations, the events are
divided into classes defined according to the charge deposition in the VZERO-A detector (called
V0A when referring to it as a multiplicity estimator). The events are classified in 5% percentile
ranges of the multiplicity distribution, denoted as “0–5%” to “95–100%” from the highest to
the lowest multiplicity.
The VZERO-A detector is located in the direction of the Pb beam and thus sensitive to the frag-
mentation of the Pb nucleus, and is used as default multiplicity estimator. Two other estimators
are employed to study the behaviour of the two-particle correlations as a function of the η-gap
between the detector used to measure the multiplicity and the tracking detectors. These are
CL1, where the signal is taken from the outer layer of the SPD (|η | < 1.4), and ZNA, which
uses the ZNA detector (|η | > 8.8). Due to the limited efficiency of the ZNA, results are only
presented for the 95% highest-multiplicity events. These estimators select events with different
ranges of multiplicity at midrapidity. While the V0A estimator selects event classes with on
average about 5 to 69 charged particles within |η |< 0.9 and pT larger than 0.2 GeV/c, the CL1
has a slightly larger range (about 2 to 78) and the ZNA has a smaller range (about 10 to 46).
The observables in this analysis are calculated for events with at least one particle with
pT > 0.2 GeV/c within |η | < 0.9. Monte-Carlo simulations show that this selection reduces
the number of events compared to all inelastic events by about 2%. These events are concen-
trated at low multiplicity in the 80–100% multiplicity classes.
4 Analysis
The two-particle correlations between pairs of trigger and associated charged particles are ex-
pressed as the associated yield per trigger particle in a given interval of transverse momentum,
for each multiplicity class. The associated per-trigger yield is measured as a function of the
azimuthal difference ∆ϕ (defined within −pi/2 and 3pi/2) and of the pseudorapidity difference
∆η . The condition pT,assoc < pT,trig between transverse momenta of trigger and associated par-
ticles is required.
The associated yield per trigger particle is defined as
1
Ntrig
d2Nassoc
d∆ηd∆ϕ
= S(∆η ,∆ϕ) ·C(∆η ,∆ϕ), (1)
where Ntrig is the total number of trigger particles in the event class and pT interval. The signal
distribution S(∆η ,∆ϕ) = 1/Ntrig d2Nsame/d∆ηd∆ϕ is the associated yield per trigger particle
4
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for particle pairs from the same event. The correction factor C is defined as:
C(∆η ,∆ϕ) =
B˜(∆η)
B(∆η ,∆ϕ)
, (2)
where B describes the pair acceptance and pair efficiency of the detector while B˜ is the pair
acceptance of a perfect but pseudorapidity-limited detector, i.e. a triangular shape defined by
B˜(∆η) = 1− |∆η |/(2 ·ηmax). In this way, the resulting associated yields per trigger particle
count only the particles entering the detector acceptance, as it is required for the definition of
uncorrelated seeds, see below and the detailed discussion in Ref. 19.
B(∆η ,∆ϕ) = α d2Nmixed/d∆ηd∆ϕ is constructed by correlating the trigger particles in one
event with the associated particles from different events in the same multiplicity class and within
the same 2 cm-wide zvtx interval (each event is mixed with about 5–20 events). It is normalized
with a factor α which is chosen such that B(∆η ,∆ϕ) is unity at ∆ϕ = ∆η ≈ 0 for pairs where
both particles travel in approximately the same direction. The yield defined by Eq. 1 is con-
structed for each zvtx interval to account for differences in pair acceptance and in pair efficiency.
After efficiency correction (described below) the final per-trigger yield is obtained by calculat-
ing the average of the zvtx intervals weighted by Ntrig. A selection on the opening angle of the
particle pairs is applied in order to avoid a bias due to the reduced efficiency for pairs with small
opening angles. Pairs are required to have a separation of |∆ϕ∗min| > 0.02 rad or |∆η | > 0.02,
where ∆ϕ∗min is the minimal azimuthal distance at the same radius between the two tracks within
the active detector volume after accounting for the bending in the magnetic field.
Furthermore, correlations induced by secondary particles from neutral-particle decays are sup-
pressed by cutting on the invariant mass (minv) of the particle pair. In this way pairs are
removed which are likely to stem from a γ-conversion (minv < 0.04 GeV/c2), a K0s decay
(|minv−m(K0)|< 0.02 GeV/c2) or a Λ decay (|minv−m(Λ)|< 0.02 GeV/c2). The correspond-
ing masses of the decay particles (electron, pion, or pion/proton) are assumed in the minv calcu-
lation.
Each trigger and each associated particle is weighted with a correction factor that accounts
for reconstruction efficiency and contamination by secondary particles. These corrections are
applied as a function of η , pT and zvtx. The correction procedure is validated by applying
it to simulated events and comparing the per-trigger pair yields with the input Monte-Carlo
simulations. The remaining difference after all corrections (Monte-Carlo non-closure) is found
to be negligible.
4.1 Long-Range Correlations Subtraction
In addition to the jet-like peaks, ridge structures have been observed in p–Pb collisions [2][3].
These long-range structures are mostly independent of ∆η outside the jet-like peak and assumed
to be independent below the peak and their modulation in azimuth is described by a Fourier
expansion up to the third order. To study the properties of the jet-like peaks, these structures are
subtracted.
On the near side (−pi/2 < ∆ϕ < pi/2), the jet-like peak is centered around (∆η = 0,∆ϕ =
0), while the ridge structures extend to large ∆η . Thus the near side is divided into short-
range (|∆η | < 1.2) and long-range (1.2 < |∆η | < 1.8) correlations regions which are correctly
normalized and subtracted from one another. Figure 1 shows the ∆ϕ-distributions of the per-
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trigger yield in these two regions in the highest (0–5%) and lowest (95–100%) multiplicity
classes.
On the away side (pi/2 < ∆ϕ < 3pi/2) the jet contribution is also elongated in ∆η . The jet
and ridge contribution can therefore not be disentangled. As the ridge structures are mostly
symmetric around ∆ϕ = pi/2 (the second Fourier coefficient is four times larger than the third
coefficient [2, 3]), the near-side long-range correlations are mirrored around ∆ϕ = pi/2 and
subtracted from the away side (measured in |∆η | < 1.8). Also shown in Fig. 1 are the ∆ϕ-
distributions of the symmetrized long-range correlations and the correlations after subtraction.
Obviously, this symmetrization procedure does not account correctly for odd Fourier coeffi-
cients. To assess the effect of the third coefficient on the extracted observables, an additional
2v23 cos3∆ϕ functional form is subtracted before the symmetrization. The v3 is estimated as a
function of multiplicity with the subtraction procedure described in Ref. 2. The influence of the
v3 contribution is illustrated in the bottom left panel of Fig. 1. The effect of the symmetriza-
tion of the third Fourier component on the away-side yield amounts up to 4% and is a major
contribution to the systematic uncertainties.
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Fig. 1: Per-trigger yield as a function of ∆ϕ with 0.7 < pT,assoc < pT,trig < 5 GeV/c in the 0–5% event
class (left) and 95–100% event class (right). The distributions show the correlations before subtraction
(blue circles), the long-range correlations (black triangles) scaled according to the ∆η region in which
they are integrated, the symmetrized near-side long-range correlations (green squares) and the correla-
tions after long-range correlations (LRC) subtraction (red diamonds). The vertical arrows indicate the
integration regions while the curve in the bottom left panel shows the magnitude of the third Fourier
component on the away side. Statistical uncertainties are shown but are smaller than the symbol size.
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4.2 Observables
The event-averaged near-side, 〈Nassoc,nearside〉, and away-side, 〈Nassoc,awayside〉, per-trigger yields
are sensitive to the fragmentation properties of low-pT partons. They are calculated as the in-
tegral of the ∆ϕ projection of the long-range subtracted per-trigger yield (bin counting) respec-
tively in the near-side and away-side peaks, above the combinatorial background. By defini-
tion after subtracting the long-range correlations (1.2 < |∆η | < 1.8) from the short-range one
(|∆η |< 1.2), the baseline should be zero. Nevertheless, owing to minor differences between the
detector efficiencies and those estimated with the Monte-Carlo simulations and a slight depen-
dence of the single-particle distribution on η , a small residual baseline is present (about 0.003,
hardly visible in Fig. 1), which is taken into account. Fig. 1 shows that the away-side peak is
slightly wider than the near-side peak. Therefore, the near-side yield is evaluated in the region
|∆ϕ|< 1.48 and the away-side yield in |∆ϕ|> 1.48. For the systematic uncertainty estimation,
the value 1.48 has been varied by ±0.09.
Alternatively, the yields are also calculated with a fit method, using two Gaussians on the near
side and one Gaussian on the away side superimposed on a constant baseline [19]. The differ-
ences between the results obtained with the two methods are included in the systematic uncer-
tainties.
The average number of trigger particles depends on the number of parton scatterings per event
as well as on the fragmentation properties of the partons. Therefore, the ratio between the
number of trigger particles and the per-trigger yields is computed with the goal to reduce the
dependence on fragmentation properties. This ratio, called average number of uncorrelated
seeds, is defined for symmetric pT bins as:
〈Nuncorrelated seeds〉=
〈
Ntrig
〉〈
Ncorrelated triggers
〉 = 〈Ntrig〉
1+
〈
Nassoc,nearside
〉
+
〈
Nassoc,awayside
〉 , (3)
where the correlated triggers are calculated as the sum of the trigger particle and the particles
associated to that trigger particle. In PYTHIA, for pp collisions [19], the uncorrelated seeds
are found to be linearly correlated to the number of MPIs in a certain pT range, independent of
the η range explored. The selection pT > 0.7 GeV/c has been found optimal since it is close to
ΛQCD and high enough to reduce contributions of hadrons at low pT , e.g. from resonances and
string decays.
4.3 Systematic Uncertainties
Table 1 summarizes the systematic uncertainties related to the near-side and away-side long-
range-subtracted yields extraction and to the uncorrelated seeds calculation. The largest uncer-
tainty (5%) for the yields is due to the integration method estimated from the difference between
bin counting and the fit. The v3-component estimation gives rise to an uncertainty only on the
away side which is multiplicity-dependent. It is indicated by the range in the table where the
largest value of 4% is obtained for the highest multiplicity. Other non-negligible uncertainties
are due to the track selection (2%), the pile-up contamination (1%), estimated by excluding the
tracks from different colliding bunch crossings, and the uncertainty on the tracking efficiency
(3%) [15].
The total uncertainty for the yields is 6–8%, which translates into 3% uncertainty for the uncor-
related seeds where, owing to the definition, some uncertainties cancel. The total uncertainty is
mostly correlated between points and between the different estimators.
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Table 1: Summary of the systematic uncertainties. The uncertainties are independent of multiplicity,
apart from the effect of the third Fourier component v3.
Source Near-side yield Away-side yield Uncorrelated seeds
Bin counting vs. fit 5% 5% 1%
Baseline estimation negl. 1% negl.
v3 component 0% 0–4% 0–1%
Track selection 2% 2% negl.
Tracking efficiency 3% 3% 3%
Pile-up 1% 1% negl.
MC closure negl. negl. negl.
Event generator negl. negl. negl.
Total 6% 6–8% 3%
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Fig. 2: Near-side (left panel) and away-side (right panel) per-trigger yields after long-range correlations
subtraction as a function of V0A multiplicity class for several pT cuts for trigger and associated particles:
0.7–5.0 GeV/c (red triangles), 0.7–5.0 GeV/c for pT,assoc and 2–5 GeV/c for pT,trig (blue circles) as well
as 2–5 GeV/c (black circles). Statistical (lines) and systematic uncertainties (boxes) are shown, even
though the statistical ones are mostly smaller than the symbol size.
The near-side and away-side per-trigger yields are shown in Fig. 2 as a function of V0A mul-
tiplicity class for three different pT ranges. For the range 0.7 GeV/c < pT,assoc < pT,trig <
5.0 GeV/c (red triangles), the near-side (away-side) per-trigger yield increases from about 0.14
(0.08) in the lowest multiplicity class up to about 0.25 (0.12) at 60%, and it remains nearly
constant from 60% to the highest multiplicity class.
The trigger particles can originate both from soft and hard processes, while the associated parti-
cles mostly belong to the minijets which originate from hard processes. Therefore, in the region
where the associated yields per trigger particle show a plateau, the hard processes and the num-
ber of soft particles must exhibit the same evolution with multiplicity. This can be more easily
understood with an example event containing Nminijets with Nassoc associated particles each and
a background of Nsoft particles with no azimuthal correlation. In this scenario, the associated
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yield per trigger-particle is:
associated yield
trigger particle
=
Nminijets ·Nassoc(Nassoc−1)/2
Nminijets ·Nassoc +Nsoft . (4)
When the overall multiplicity, i.e. the denominator, changes, the fraction is constant if Nminijets
(hard processes) and Nsoft (soft processes) increase by the same factor. The given example can
be easily extended to several events and to a different number of associated particles per minijet.
Increasing the pT threshold of the trigger particles to 2 GeV/c (blue circles in Fig. 2), results
in larger yields but with qualitatively the same multiplicity dependence. The plateau region
extends in this case up to the 80% multiplicity class. Increasing also the threshold for the
associated particles to 2 GeV/c (black squares) reduces the yields while the plateau remains
over a wide multiplicity range.
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Fig. 3: Near-side (left panel) and away-side (right panel) per-trigger yields after long-range correla-
tions subtraction as a function of the midrapidity charged particle multiplicity for the V0A (red circles),
CL1 (blue squares) and ZNA (black triangles) multiplicity estimators. Statistical (lines) and systematic
uncertainties (boxes) are shown, even though the statistical ones are smaller than the symbol size.
To compare results obtained with different multiplicity estimators, for each multiplicity class the
average number of charged particles at midrapidity (|η | < 0.9) with pT > 0.2 GeV/c has been
computed. Figure 3 shows the per-trigger yields in the near-side and in the away-side peaks as a
function of the midrapidity charged particle multiplicity for the standard estimator V0A as well
as for CL1 and ZNA. As discussed above, the multiplicity range covered by these estimators
depends on the separation in pseudorapidity of the estimator and the tracking detector. The
near-side (away-side) yields for V0A and ZNA show the same behaviour in the region between
10 and 45 charged particles in which their multiplicity range overlaps: a mild increase from
about 0.2 (0.1) to about 0.25 (0.13). Below 10 charged particles, the yields for V0A decrease
significantly to about 0.14 on the near side and 0.08 on the away side. The yields for CL1
exhibit a steeper slope than the two other estimators. This behaviour is expected from the
event-selection bias imposed by the overlapping η-region of event selection and tracking: on
the near side (away side) the value increases from about 0.04 to 0.27 (from about 0.02 to 0.15).
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The CL1 trends are qualitatively consistent with the results in pp collisions [19]. The overall
behaviour for each estimator is similar when using higher pT cuts for associated and trigger
particles.
A key step of the analysis procedure is the subtraction of the long-range correlations. To
assess the effect of this subtraction, a comparison between the yields with and without the
ridge contribution has been performed. The determination of the yields in these two cases is,
however, slightly different, since the non-subtracted distribution does not have a zero baseline
by construction. In this case, the baseline is determined in the long-range correlations region
(1.2 < |∆η |< 1.8) between the near-side ridge and the away-side peak at 1.05 < |∆ϕ|< 1.22.
The effect of the subtraction of the long-range correlations on the measured yields for the V0A
estimator is presented in Fig. 4, where the near-side and away-side per-trigger yields with (red
circles) and without (black squares) long-range correlations subtraction are shown. The yields
agree with each other in the multiplicity classes from 50% to 100%, consistent with the ob-
servation that no significant long-range structure exists in low-multiplicity classes. For higher-
multiplicity classes, a difference is observed: the near-side yield increases up to about 0.34
without the subtraction compared to about 0.25 with subtraction. On the away side the value
is about 0.23 compared to 0.13. Thus, in the highest multiplicity class, the subtraction pro-
cedure removes 30–40% of the measured yields. The same observation is made for the other
multiplicity estimators.
The conclusion drawn earlier, that the hard processes and the number of soft particles show
the same evolution with multiplicity, is only valid when the long-range correlations structure is
subtracted. This observation is consistent with a picture where the minijet-associated yields in
p–Pb collisions originate from the incoherent fragmentation of multiple parton–parton scatter-
ings, while the long-range correlations appear unrelated to minijet production.
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Fig. 4: Near-side (left panel) and away-side (right panel) per-trigger yields as a function of V0A mul-
tiplicity class with (red circles) and without (black squares) subtraction of the long-range correlations.
Statistical (lines) and systematic uncertainties (boxes) are shown, even though the statistical ones are
mostly smaller than the symbol size.
While the yields give information about the particles produced in a single parton–parton scat-
10
Jet-like two-particle correlations in p–Pb collisions ALICE Collaboration
tering, the uncorrelated seeds calculation (Eq. 3) provides the number of independent sources of
particle production. The uncorrelated seeds are proportional to the number of MPIs in PYTHIA.
Figure 5 presents the uncorrelated seeds as a function of the midrapidity charged-particle mul-
tiplicity for two pT cuts. In the range 2 GeV/c < pT,assoc < pT,trig < 5 GeV/c, the number of
uncorrelated seeds increases with multiplicity from about 0 to about 3. The uncorrelated seeds
exhibit a linear increase with midrapidity charged particle multiplicity Nch in particular at high
multiplicity. To quantify this behaviour, a linear fit is performed in the 0–50% multiplicity class
and the ratio to the data is presented in the bottom panel.
The linear description of the data is valid for Nch > 20 while deviations at lower multiplicity
are observed. Deviations from linearity are not surprising as other observables, e.g. the mean
〈pT〉 [26] and the RpA [27], show a change in dynamics as a function of multiplicity. In this pT
range, the uncorrelated seeds are rather similar to the number of particles above a certain pT
threshold as the denominator of Eq. 3 is close to unity. On the contrary, in the range 0.7 GeV/c
< pT,assoc < pT,trig <5.0 GeV/c the denominator is far from unity. In this region, the number of
uncorrelated seeds increases with multiplicity from about 2 to about 20. The linear description
extends over a slightly wider range but a departure is also observed at low multiplicity.
It is interesting to relate the number of uncorrelated seeds to the number of nucleon–nucleon
collisions, which in heavy-ion collisions is described successfully by Glauber models [28]
(Ncoll, Glauber). However, in p–Pb collisions, ongoing studies [27] (to be published in [29])
indicate that modifications to the Glauber Monte-Carlo simulations are needed for a correct
estimation of the number of hard processes.
Figure 6 presents the ratio between uncorrelated seeds and Ncoll, Glauber (calculated with a
Glauber Monte-Carlo simulation) as a function of V0A multiplicity class for two pT cuts. A
scaling of the uncorrelated seeds with Ncoll, Glauber within 3% is observed between 25% and 55%
multiplicity classes. At higher multiplicity, for the 0.7 GeV/c < pT,assoc < pT,trig < 5.0 GeV/c
(2.0 GeV/c< pT,assoc < pT,trig < 5.0 GeV/c) range, the ratio between the number of uncorrelated
seeds and the number of collisions estimated within the Glauber Monte-Carlo simulations devi-
ates up to 25% (60%) from its average. At low multiplicity the deviation is about 30% (25%).
This shows that contrary to the expectation for a semi-hard process, the number of uncorrelated
seeds is not strictly proportional to the number of binary collisions. For further details, we refer
the reader to the publication Ref. 29. Some of these deviations could be due to a bias induced
by the centrality estimator. Monte-Carlo simulations indicate that by using multiplicity to de-
fine event classes, a bias on the mean number of hard collisions per event is introduced: high
(low) multiplicity bias towards events with higher (lower) number of semi-hard processes. In
addition, low-multiplicity p–Pb events result from collisions with a larger than average proton–
nucleus impact parameter, which, for peripheral collisions, corresponds also to a larger than
average proton–nucleon impact parameter [30]. Therefore, in low-multiplicity collisions the
number of MPIs is expected to decrease, which is consistent with the measurement.
6 Summary
Two-particle angular correlations of charged particles have been measured in p–Pb collisions
at
√
sNN = 5.02 TeV and expressed as associated yields per trigger particle. Long-range pseu-
dorapidity correlations have been subtracted from the per-trigger yields in order to study the
jet-like correlation peaks. Near-side and away-side jet-like yields are found to be approximately
11
Jet-like two-particle correlations in p–Pb collisions ALICE Collaboration
)c > 0.2 GeV/
T
p| < 0.9, η (|V0A〉chN〈
0 10 20 30 40 50 60 70
〉
u
n
co
rr
el
at
ed
 s
ee
ds
N〈
0
5
10
15
20
, datac < 5.0 GeV/
T,trig
p < 
T,assoc
p0.7 < 
, fitc < 5.0 GeV/
T,trig
p < 
T,assoc
p0.7 < 
, datac < 5.0 GeV/
T,trig
p < 
T,assoc
p2.0 < 
, fitc < 5.0 GeV/
T,trig
p < 
T,assoc
p2.0 < 
 = 5.02 TeVNNsALICE p-Pb 
)c > 0.2 GeV/
T
p| < 0.9, η (|V0A〉chN〈
0 10 20 30 40 50 60 70
1
1.1
1.2 systematic uncertainties
Fig. 5: Top panel: number of uncorrelated seeds as a function of the midrapidity charged particle mul-
tiplicity. Shown are results for two pT cuts: 0.7 GeV/c < pT,assoc < pT,trig < 5.0 GeV/c (red circles) and
2.0 GeV/c < pT,assoc < pT,trig < 5.0 GeV/c (black squares). Each of them is fit with a linear function in
the 0–50% multiplicity classes; open symbols are not included in the fit. Statistical (lines) and system-
atic uncertainties (boxes) are shown, even though the statistical ones are smaller than the symbol size.
Bottom panel: ratio between the number of uncorrelated seeds and the linear fit functions. Black points
are displaced slightly for better visibility.
constant over a large range in multiplicity, with the exception of events with low multiplicity.
This indicates that at high multiplicity hard processes and number of soft particles have the
same evolution with multiplicity. These findings are consistent with a picture where indepen-
dent parton–parton scatterings with subsequent incoherent fragmentation produce the measured
minijet associated yields, while the ridge yields, which vary with multiplicity, are the result of
other sources. This imposes significant constraints on models which aim at describing p–Pb
collisions. They must reproduce such an incoherent superposition while also describing obser-
vations like the ridge structures and the increase of mean pT with event multiplicity.
The number of uncorrelated seeds increases almost linearly with multiplicity, except at very low
multiplicity. Thus, within the measured range, there is no evidence of a saturation in the number
of multiple parton interactions. Furthermore, it is observed that the number of uncorrelated
seeds scales only in the intermediate multiplicity region with the number of binary nucleon–
nucleon collisions estimated with Glauber Monte-Carlo simulations, while at high and low
multiplicities some biases could possibly cause the scale breaking.
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